We mapped the ultra-high-velocity feature (the "Bullet") detected in the expanding molecular shell associated with the W44 supernova remnant using the Nobeyama Radio Observatory 45-m telescope and the ASTE 10-m telescope.
INTRODUCTION
W44 is a "mixed-morphology" supernova remnant (SNR) with a radio continuum shell filled with a center-peaked X-ray emission (e.g., Gronenschild et al. 1978; Smith et al. 1985; Rho et al. 1994) . It has a radio pulsar within the boundary of the shell (Wolszczan et al. 1991) . The distance to the SNR is considered to be 3 kpc based on HI absorption studies (Caswell et al. 1975) . The W44 SNR interacts with the adjacent giant molecular cloud (Seta et al. 1998 (Seta et al. , 2004 . Shocked molecular gas is well traced by 25 OH 1720 MHz maser spots (Claussen et al. 1997) , several high-velocity wings of CO emission (Seta et al. 2004) , and by a faint spatially-extended broad CO and HCO + emissions (Sashida et al. 2013 ). Such OH maser and broad emissions arise from a thin expanding shell of shocked molecular gas with the expansion velocity of 13.2 km s −1 (Sashida et al. 2013 ). The total kinetic energy, E kin = (1-3)×10 50 erg, corresponds to the yield from a supernova explosion of 0.1-0.3.
In the process of investigating the kinematics of the W44 expanding shell, we noticed an extraordinarily broad velocity feature at (l, b) = (34.725
• , −0.472 • ) in CO J=3-2 data (Fig.1b) . The full-width-zero-intensity (FWZI) velocity width of this feature exceeds 100 km s −1 , while those of the previously detected broad emissions are less than 30 km s −1 .
The position of this ultra-high-velocity feature is ∼ 0.15
• (∼ 8 pc in projected distance) apart from the W44 radio pulsar (Wolszczan et al. 1991) . By its appearance in position-velocity maps, we named this ultra-high-velocity feature the "Bullet". The kinematics of the Bullet differ distinctly from those of the expanding molecular shell. Interestingly, a radio continuum blob (Jones et al. 1993) and an H 2 ro-vibrational line nebulosity (Reach et al. 2005 ) overlap with the Bullet in the plane of the sky (Sashida et al. 2013) . Despite the high significance of the Bullet in the CO J=3-2 data, neither its nature nor origin have been totally explained. To determine the origin of the Bullet, we performed detailed mappings in several millimeter and submillimeter lines. Throughout this study, the distance to the Bullet (W44 SNR) is assumed to be 3 kpc. (Sashida et al. 2013 ). The velocity range for the integration is from V LSR = +20 km s −1 to +60 km s −1 . White contours outline VLA radio continuum emission at 20 cm (Jones et al. 1993 ). The orange ellipse shows the best-fit model of uniformly expanding shell calculated from the spatially-extended wings (Sashida et al. 2013) . 
NRO 45-m
The Bullet and Wing 1 were also mapped in the CO J=1-0 (115.271 GHz) and The NRO 45-m data were reduced using the NOSTAR reduction package, and the final maps were generated with the same parameters as those of the ASTE maps.
RESULTS and DISCUSSION

Spatial-Velocity Structure
Figures 1c to 1h show the velocity-integrated maps of the 3 ′ × 3 ′ (2.6 × 2.6 pc 2 ) area around the Bullet in the six observed lines. The Bullet appears as a compact clump with a size of 0.5 × 0.8 pc 2 in the CO J=1-0, CO J=3-2, CO J=4-3, and HCO + J=1-0 maps.
The detected line emissions peak at (l, b) ≃ (34.73
The entity of the Bullet is well-defined by CO J=3-2 and CO J=4-3 emissions, while C 0 3 P 1 -3 P 0 emission is absent.
A blob of 20 cm continuum emission traces the Galactic eastern rim of the Bullet (Fig. 1a) .
A nebulosity of H 2 ro-vibrational transition line emission overlaps the Galactic eastern half of the Bullet (Reach et al. 2005 ). An inspection of the infrared (Yamauchi et al. 2011 ) and X-ray (Muno et al. 2006 ) point source catalogs reveals that no counterpart of the Bullet is detected in those wavelengths.
Longitude-velocity maps illustrate the broad-velocity nature of the Bullet ( 
Physical Parameters
We estimated the physical conditions in the Bullet and Wing 1 by employing a large velocity gradient (LVG) model calculations (Goldreich & Kwan 1974) . Table 1 summarizes the line intensities and the best-fit value of physical conditions. Beam-filling factors were assumed to be unity. We used the main-beam temperatures at (l, b, V LSR ) = (Frerking, Langer, & Wilson 1982) . The 90% confidence intervals are also shown in Table 1 . We see that the Bullet clearly has a higher temperature and lower density than Wing 1, which represent shocked gas in the W44 molecular cloud.
Using the physical conditions derived for the Bullet and assuming the optically thin limit, we estimated the total mass of the Bullet from CO J=3-2 intensity to be 7.5 M ⊙ . If the Bullet arises from the W44 molecular cloud at V LSR ≃ 40 km s −1 , its kinetic energy amounts to 10 48.0 erg. This is approximately 1.5 orders of magnitude greater than the kinetic energy shared to the small solid angle of the Bullet, (1-3)×10 50 erg × (∆Ω/4π) = 10 46.3-46.8 erg.
Obviously, the energy injection by an SN explosion alone cannot account for the kinetic energy of the Bullet.
Origin of the Bullet
The characteristics of the Bullet are summarized as follows:
1. It has a compact appearance (0.5 × 0.8 pc 2 ) and an extraordinarily broad velocity width (100 km s −1 ), giving a dynamical time of 5000-8000 yr.
2. Unlike previously detected broad emissions, it appears in the negative velocity side only. These characteristics indicate that the Bullet has been accelerated by a certain local event, possibly driven by a single source. If so, the kinetic energy supplied by the driving source must be greater than 10 48.0 erg. In addition, the short dynamical time and large kinetic energy indicate that the kinetic power of the driving source must be greater than 10 36.6 erg s −1 (≃ 1000 L ⊙ ). Here, we present two possible formation scenarios of the Bullet.
Explosion Model
An additional explosive event near the expanding SN shell could account for the kinematics of the Bullet (Fig. 3a) . In this case, the driving source must be located behind the expanding shell since the Bullet is single-sided. For the same reason, the kinetic energy and kinetic power necessary for the Bullet formation are doubled, 10 48.3 erg and 10 36.9 erg s −1 , respectively. The upper part of the "Y" shape can be interpreted as the expanding shell due to the local explosion, while the lower part might be the broken tip of the shell in the low-density layer.
A rotation-powered pulsar may be a candidate for the driving source. Some energetic pulsars have spin-down power higher than 10 37 erg s −1 (e.g., Arumugasamy, Pavlov, & Kargaltsev 2014) . However, no pulsar has been detected toward this position. The W44
pulsar is located at least ∼ 8 pc away from the Bullet. A bipolar outflow from a massive protostar is not a candidate for the driving source, because of the absence of a luminous stellar object, although some of them provide kinetic energies greater than 10 48.0 erg (Bally & Zinnecker 2005) .
A completely separate supernova explosion can account for the kinetic energy of the Bullet. If we assume an isotropic disk (radius= 15 kpc, thickness= 200 pc) distribution of population I objects and that supernovae occur in spiral arms (volume filling factor∼ 0.3), the supernova rate of the entire Galaxy (∼ 0.02 yr −1 ; Tammann et al. 1994 ) provides a chance probability of another supernova in the W44 shell (radius= 15 pc) within 20 thousand years as ∼ 10 −3.8 . Considering that massive stars are formed in clusters, this chance probablity may be further enhanced.
Despite the separate supernova scenario can not be ruled out, here we consider another possibility in detail. That is an isolated black hole (BH) activated by the passage of a high-density molecular gas layer. Such an object has already been suggested as a driving source of the Tornado nebula (Sakai et al. 2014 ). This process is formalized as the Bondi-Hoyle-Littleton (BHL) accretion (e.g., Edgar 2004) . Assuming the standard accretion disk model onto a BH and that all the gravitational energy is converted to the kinetic energy, the BHL accretion with a duration time ∆t provides
where M is the BH mass, ρ is the mass density of the ambient interstellar medium, v is the relative velocity, and σ is the velocity dispersion. The duration time of the accretion is calculated by ∆t = l/v, where l is the thickness of the high-density layer.
If we take l = 0.1 pc, which is about the thickness of thin filaments detected in W44
at 20 cm continuum emission (Jones et al 1993) , we have ∆t = 7500 yr. Employing n(H 2 ) = 10 4.5 cm −3 , v = 13.2 km s −1 , σ = 6.8 km s −1 (Sashida et al. 2013) , and the mean molecular weight of 1.36, we have
This means a BH mass of greater than 3.4 M ⊙ could account for the kinetic energy of the Bullet. The putative BH is currently inactive since the accretion has already ceased. 
Shooting Model
Conversely, a plunge of a high-velocity massive object into the high-density layer toward us could also explain the kinematics of the Bullet (Fig. 3b) . This process can be described by the BHL accretion formula as well. The upper part of the "Y" shape can be interpreted as the shock wave propagating in the high-density layer, while the lower part might correspond to the "wake" accreting to the plunging object (e.g., Edgar et al. 2004 ).
Again, the absence of a luminous stellar object favors a drifting, isolated BH as a candidate for the plunging object.
The plunging velocity must be higher than 13.2 km s −1 but it is not necessarily as high as 100 km s −1 since gas in the "wake" is accelerating toward the object. Of course, the initial kinetic energy of the plunging object, E init = (1/2)Mv 2 , must be greater than E Bullet = 10 48.0 erg. Setting v to the plunging velocity, we can calculate the total energy available from the BHL accretion by using equation (1). This BHL energy E HL must also be greater than E Bullet . In addition, the BHL luminosity, L HL = (1/12)Ṁ HL c 2 , probably does not exceed the Eddington limit (L Edd ). Figure 4 shows the range of (M, v) permitted by the above conditions, indicating that the plunging object must have a mass greater than
This shooting model, as well as the explosion model, can reproduce the broad velocity width and the enormous kinetic energy of the Bullet. A naive shooting model predicts that the size of the accreting zone should be of the same order as the Hoyle-Litteleton radius,
Since the observed size of the negative high-velocity tail field strength should be enhanced in the shocked gas layer, and thereby increases v A and the size of the accreting zone accordingly.
Implications
Either scenario includes an isolated BH, which is currently inactive. But is it reasonable? Actually, there must be a number of invisible BHs in the galaxy. For example, Agol & Kamionkowski (2002) estimated the total number of stellar mass BHs in the galaxy to be ∼ 10 9 , which is far greater than the latest total number of the Galactic BH candidates (∼ 60). Assuming a spherically isotropic distribution with a radius of 30 kpc, this total BH number corresponds to a number density of 10 −5.1 pc −3 . Thus, we obtain the expected value of the BH number within the W44 shell (15 pc radius) as 0.13, which is not significantly low. Note that this value may be a lower limit since an overdensity of BHs due to the disk population and a OB association (Ögelman et al. 1976 ) is expected.
Considering the permitted mass ranges of an isolated BH, the explosion model seems to be more plausible. Such an isolated, currently inactive BH with a mass of > 10 M ⊙ was suggested as the driving source of the Tornado nebula (Sakai et al. 2014) . We also detected another extremely broad-velocity-width feature, CO-0.40-0.22, in the central molecular zone of our Galaxy ). This was explained by a gravitational kick to the molecular cloud caused by an intermediate-mass BH. Therefore, an elaborate search for compact high-velocity features using molecular lines might be an effective method of seeking inactive BHs in the Galaxy and nearby galaxies.
This paper is based on observations conducted using the Nobeyama Radio Observatory (NRO) 45-m telescope and ASTE. The NRO is a branch of the National Astronomical
Observatory of Japan (NAOJ), National Institutes of Natural Sciences. We are grateful to
